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[1] The first dispersive m-XANES mapping is presented here. The experiments have been conducted at
the iron K-edge, on the ‘‘Dispersive-EXAFS’’ beamline of the European Synchrotron Radiation
Facility (France). The mapping has been performed on a polished thin section of 30 mm of a natural
metamorphic rock including different types of minerals. Because of the high X-ray absorption
due to the thickness of the glass sample holder (�1 mm), the data have been collected in the fluorescence
mode using the so-called ‘‘Turbo-XAFS’’ design. The effective spot size was approximately 10 �
10 microns, and an area 390 � 180 microns in size was mapped. Improvements of the acquisition process
allowed collection of each XANES spectrum in 1.5 s and with a step size of 5 microns so that 2808 spectra
with full XANES information were collected. Then, automatic procedures for data reduction and mapping
reconstruction were developed using Matlab1. The results are maps of iron content, oxidation state, and
speciation, with a 5 mm spatial resolution after two-dimensional deconvolution. Subsequent analyses of
the reconstructed images provide some quantitative calibrations.
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1. Introduction

[2] Mapping offers fundamental knowledge for
heterogeneous samples as it integrates spot size
information in a continuous two-dimensional
space. Generally, chemical analyses using analytical
methods like electron microprobe or X-ray fluo-
rescence allow mapping of the concentration of
elements. In situ information such as redox or
speciation is generally accessible only locally,
possibly at the micrometer scale depending on
the size of the analytical probe. One of the most
appropriate methods used to derive redox or
speciation of a given atomic species in a wide
variety of sample matrices is XANES (X-ray
Absorption Near Edge Structure) spectroscopy.
This method uses synchrotron X-ray sources
and is element selective [e.g., Sayers et al.,
1970; Lytle et al., 1975; Teo, 1986]. A typical
acquisition time for the collection of a XANES
spectrum is about 10 to 15 min in the most
‘‘standard’’ operation mode (i.e., ‘‘step-by-step’’
double-monochromator scanning process). More-
over, the data reduction is a critical step and
automation is often complex. As a consequence,
mapping of a sample using the ‘‘standard’’ micro-
XANES technique involves measuring and treating
several thousands of pixels (i.e., XANES spectra)
and would require too much beam-time and data
reduction time to be reasonably feasible. However,
it is possible to collect X-ray absorption or
fluorescence single-energy images from a mono-
chromatic X-ray source. This technique allows
visualizing contrasts for different energies relating
to the oxidation state or the speciation of a given
element (i.e., characteristic XANES features [see
Ade et al., 1992; Sutton et al., 1995]). However,
the recording of the full XANES information (i.e.,
high energy sampling rate, or ‘‘spectral resolu-
tion,’’ with a high signal-to-noise ratio) would
require the collection of a large number of images
for the energy range (typically, a minimum of 500
for a standard XANES spectrum). Here again, the
main limitation is the acquisition time, including all
the difficulties related to the stability/reproducibility
of the measurement (sample scanning, energy
scanning, stability of the incident beam during
a long period, etc.).

[3] Redox and speciation information is funda-
mental to characterize physicochemical mecha-
nisms for a large variety of samples related to
Physics, Chemistry, Biology or Earth Sciences.
In this study, we have performed for the first
time, ‘‘dispersive m-XANES mapping’’ of a com-

plex geological sample in order to visualize the
content, redox state and speciation variations of
iron. The sample studied is a 30 mm thin section
of a metamorphic rock from the southwest of
Japan (Sambagawa belt [see, e.g., Vidal et al.,
2006]), which has chlorite, phengite and quartz
as the main three minerals. The experiments were
performed at the third generation synchrotron X-ray
source of the ESRF (European Synchrotron
Radiation Facility; France). More precisely, we
used the microfocused ‘‘Dispersive-EXAFS’’
(Extended X-ray Absorption Fine Structure)
beamline (ID24) in order to take advantage of
the particularly high stability of the X-ray beam,
and the very fast acquisition mode [Pascarelli et
al., 2006]. Using this experimental setup, 2808
XANES spectra were collected at the iron K-edge
(7112 eV) within 104 min and with a 10 � 10 mm
effective spot size FWHM (Full Width Half
Maximum). Data were finally interpreted in
terms of iron content, redox and speciation
cartographies of 390 � 180 mm with a spatial
resolution of 5 mm after two-dimensional (2-D)
deconvolution.

2. Experimental Setup

[4] Technical requirements to perform m-XANES
mapping are (1) a microfocused X-ray probe, (2) a
high stability of the incident beam, and (3) a very
fast acquisition time. Thus a dispersive-EXAFS
beamline such as ID24 at the ESRF is particularly
well suited because the optical elements of the
spectrometer are motionless during the experi-
ments [e.g., Matsushita and Phizackerley, 1981;
Buschert et al., 1988].

[5] In the present study, we used a silicon (311)
bent monochromator (i.e., ‘‘energy dispersive poly-
chromator’’) in the Bragg geometry. The energy
range at the iron K-edge was optimized between
7100 and 7200 eV, in agreement with the settings
of two insertion devices (undulators). A horizontal
silicon mirror was positioned just before the
sample in order to focus the spot vertically, and
the sample chamber was evacuated to minimize
the absorption of the air between the polychro-
mator and the sample. Because of the high
absorption of the glass sample holder (1 mm
thick) at the Fe K-edge, data was collected in
the fluorescence mode using the so-called ‘‘Turbo-
XAS’’ (X-ray Absorption Spectroscopy) [Pascarelli
et al., 1999]. A vertical slit located after the poly-
chromator is used to scan continuously the horizon-
tally dispersed X-ray beam (up to 40 mm length).
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The incident beam is then monochromatic so that
the fluorescence detection mode can be used. To
reduce dead time during the acquisition, data
were collected during both low-to-high and
high-to-low energy scans. Using this experimental
setup, a XANES spectrum can be collected in
less than 1 sec. However, the acquisition time
was here adjusted to 1.5 sec to obtain sufficient
statistics.

[6] Figure 1 presents the sample positioned at 45�
to the incident beam, the microscope at the rear of
the sample, and the position of two diodes. During
the acquisition, only the sample is mobile and
motorized in its own plane so that (1) the angle
of the incident beam is identical for every position
and (2) there is no shift relative to the fixed focal
spot of the X-ray beam. The microscope is used to
accurately localize the beam on the sample’s
surface. The diode noted I0 is used to measure
the intensity of the incident beam by way of the
fluorescence of a titanium foil 6 mm thick
(disposed at 45� of the diode). The diode noted If
is used to measure the fluorescence intensity, and is
placed at 90� of the incident beam. The incident
beam passes between the two diodes spaced at
approximately 10 mm.

[7] The spot size at the focal distance was mea-
sured in the transmission mode, by scanning two
gold wires of 5 mm diameter. Gaussian fits reveal
that the vertical beam size is about 10 mm FWHM

whereas the horizontal one is about 7 mm. How-
ever, because the sample is tilted by 45� relatively
to the incident beam, the effective irradiated
horizontal length is around 10 mm. The effective
spot size at the surface of the sample is thus about
10 � 10 mm.

3. Data Collection

[8] The sample analyzed in this study is a
metamorphic rock from Sambagawa, southwest
of Japan. The sample is cut in a 30 mm thin
section and adhered to an iron-free glass holder
1 mm in thickness. Chlorite, phengite and quartz
are the main minerals coexisting in this rock.
Thus we expect large variations in iron content,
redox state and speciation between the different
species.

[9] On the basis of the optical image of the
sample, a region of interest of 390 mm by
180 mm was defined on the sample, including
the three different types of minerals. The mapping
was performed by horizontal and vertical steps of
5 mm so that 2808 XANES spectra were collected
at the iron K-edge within 104 min (the collection of
one spectrum requires 1.5 sec acquisition + 0.7 sec
dead time due to mechanics and electronics).
During the acquisition, the ‘‘raw data’’ are all
stored in the same file as a succession of three
columns: slit-encoder, I0 and If values. A conver-

Figure 1. Experimental setup showing the direction of the X-ray beam, the geometry of the two diodes, and the
microscope used to visualize the sample and localize the spot during data acquisition.
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muÑoz et al.: redox and speciation micromapping 10.1029/2006GC001381muÑoz et al.: redox and speciation micromapping 10.1029/2006GC001381
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sion between slit-encoder and energy values, based
on a reference spectrum, is made during data
reduction.

[10] Fe K-edge XANES spectra for metallic iron
were collected in order to assure correct energy
calibration and resolution. Moreover, different sil-
icate standards like almandine and andradite were
collected for the quantification of results. Each
reference spectrum is the average of 10 acquisi-
tions in order to improve the statistics required for
subsequent pre-edge analysis.

4. Data Reduction

[11] The experimental setup described above
yields a XANES spectrum that is first defined
by ‘‘slit-encoder values’’ versus ‘‘absorbance val-
ues’’ (i.e., If/I0). Moreover, these values are
measured every millisecond during the scan of
the slit. Consequently, a XANES spectrum is
over-sampled, and includes a few of thousands
values. The first step of data processing consists
of reducing the number of points per spectrum by
averaging a given number of consecutive values.
The spectra are then re-sampled at 520 points. This
improves the signal-to-noise ratio and reduces the
computing time for subsequent normalization and
data analysis of the 2808 XANES spectra. The
second step consists of the construction of two
different 2-D matrixes. The first one includes the
spectra collected from low-to-high energies (odd
matrix), and the second one includes the spectra
collected from high-to-low energies (peer matrix).
The peer matrix is then ‘‘flipped vertically’’ in order
to be comparable to the first one (i.e., all the data
stored from low-to-high energies). The third step
consists of interpolating XANES spectra for each
matrix before calibrating on a similar energy range,
between 7100 and 7200 eV. A singular 2-D matrix,
including only one column of energy values, is then
reconstructed alternating ‘‘odd’’ and ‘‘peer’’ spectra
from the two different matrixes. The 2808 raw
spectra resulting from this step are presented in
Figure 2a.

[12] The normalization of the spectra is commonly
performed in two phases. First, the background
before the edge is modeled from 7100 to 7110 eV
using a linear function. The function is then
subtracted to compensate the slope of the raw
spectrum and to fix the pre-edge part to zero.
Second, the XANES spectra are fitted using an
arctangent function with fixed width (2.2 eV) and
variable position and height. This is done to

normalize the edge-jumps to the arbitrary value
of 1. Moreover, the position and height values are
stored in two different 2-D matrixes to reconstruct
the images based on these two criteria. Also, a 3-D
matrix is constructed including the two dimensions
of the image and, as third dimension, the absor-
bance values of each XANES spectra. The 3-D
matrix is used to visualize in 2-D the ‘‘absorbance
contrast’’ at a given energy. Each resulting image
is deconvoluted in order to improve the spatial
resolution by a factor 2; the beam size being two
times greater, horizontally and vertically, than the
sampling step.

[13] Note that because of the high heterogeneity of
iron content in the sample, the automation for the
normalization procedure could not be done using
the same initial parameters for all the spectra.
Particularly, for the spectra with an extremely
low signal-to-noise ratio (i.e., very low iron con-
tent), the pre-edge fit was constrained in order to
limit an eventual excessive slope. Moreover, the
energy range used to fit the arctangent function
was limited to exclude possible distorted parts at
the extremities of the spectra (i.e., compromise
between the quality of normalization and the
possible occurrence of aberrant normalization).
The width of the arctangents was also fixed to
2.2 eV to improve the normalization process.
These additional constraints only affected less than
0.5% of the spectra that needed an individual
normalization. The series of the 2808 normalized
spectra is presented in Figure 2b (distortions ob-
served before the edge for scan numbers between
2000 and 3000 result from the surface rendering
effect and occur from less than 10 highly noisy/
distorted spectra, with extremely low edge-jump of
around 5.10�3).

5. Results

[14] Figure 3a presents a polarized optical image
that includes the region mapped. Chlorite is the
greenish to brownish mineral in the middle of the
picture, quartz is the white mineral located close to
the top, and phengite is located in between chlorite
and quartz as well as at the bottom of the picture
(i.e., the elongated and fibrous mineral). Note that
quartz is relatively fractured and contains several
interstitial minerals. Also, a quartz crystal, approx-
imately 25 by 50 mm, is included in the chlorite. In
parallel, Figure 3e provides the same image
recorded in the crossed-polarizer mode. Here
again, the different crystalline phases are clearly
visible. Even so, this mode is particularly useful to
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qualitatively characterize changes in the orientation
of crystals of a given mineralogical phase. Partic-
ularly, the chlorite phase highlights two main
orientations of the crystals. A first one appears
mostly in blue, and corresponds to the greenish
part of the chlorite in Figure 3a. A second one
appears essentially in green and orange, and cor-
responds to the most brownish regions of the
chlorite in Figure 3a. One can thus deduce that
chlorite crystals present here two main orienta-

tions that appear directly correlated to changes in
color on the ‘‘simply’’-polarized optical image.
Note that birefringence variations in chlorite are
not necessarily due to different crystal orienta-
tions, but can also occur from differences in
mineralogical composition and/or the brownish
coloration of the mineral.

[15] The edge-jump values provided by the arctan-
gent fits can be directly correlated to the total iron
content of the sample [Teo, 1986; Muñoz et al.,

Figure 2. XANES spectra collected from the bottom to the top of the mapped region, alternatively from left to right
and from right to left: (a) raw spectra and (b) normalized spectra.
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2005]. In the present case, XANES spectra are
measured in the fluorescence mode so that self-
absorption for the different types of minerals
possibly affects nonlinearly the fluorescence yield
[e.g., Pfalzer et al., 1999]. Consequently, to
assess the measurements and calibrate the
XANES ‘‘edge-jump’’ information, we performed
electron microprobe maps (see De Andrade et al.
[2006] for details of data collection and quanti-
fication). Figure 3b provides an iron content
mapping based on the 2-D matrix containing
the edge-jump values, whereas Figure 3f shows
a quantitative iron content map collected on the
electron microprobe. The two images show very
good correlation and the main difference results
from the different size of the probes for the two

techniques (i.e., a few microns for the electron
microprobe versus �10 mm for the X-ray beam).
Results show a relatively high and homogeneous
iron content in chlorite, with amaximumof 32wt.%.
Also, the iron content in phengite is around 6 wt.%
whereas quartz crystals show less than 5000 ppm
of iron, most likely related to small inclusions.
Such high variations of iron content clearly high-
light the three different crystalline phases present
in the region of interest.

[16] Similarly, a map can be reconstructed on the
basis of the position of the inflection point of the
arctangents assimilated to the energy of the absorp-
tion edge (Figure 3c). Indeed, this criterion can be
directly correlated to the oxidation state of iron; the
Fermi level being shifted of a few electron-volts with

Figure 3. Rock sample mapping: (a) polarized optical image (chlorite in the middle, quartz at the top, and phengite
between chlorite and quartz and at the bottom); (b) iron content (edge-jump); (c) iron redox (edge-position); (d) iron
speciation (absorbance contrast at 7137 eV); (e) crossed-polarizer optical image; (f) quantitative iron content map
(from electron microprobe analyses); and (g) quantitative iron redox map (from thermodynamics).
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increased oxidation of cations [e.g., Ankudinov et
al., 1998]. The mapping reveals a relatively high
iron redox contrast in the sample, with a signif-
icant shift of the absorption edge (around 5 eV,
from 7121 to 7126 eV). More particularly, the
mapping qualitatively highlights a high heteroge-
neity within the chlorite: the center of the min-
eral being mostly reduced, whereas the borders,
in contact with the phengite and the quartz
inclusion being mostly oxidized. Such variations
most likely occur from redox changes, though in
the case of iron, a 1s–4s electronic transition
possibly contributes to the absorption edge [Shulman
et al., 1976; Berry et al., 2003]. Moreover, chlorite
crystals corresponding to reduced and oxidized
regions seem to present different orientations as
suggested by the crossed-polarizer optical image
(Figure 3e), and the linear polarization of the X-ray
beam potentially affects the different features of
the spectra, specifically when anisotropic crystals
are studied [Manceau et al., 1988; Dyar et al.,
2002a]. An accurate quantification of iron redox
variations based on the edge position is thus
difficult. Even so, though the post-edge and edge
regions of the spectra may be significantly affected

by the linear polarization of the X-ray beam, the
influence on the pre-edge region does not appear to
be significant [Dyar et al., 2002a]. Consequently,
our quantification is based on pre-edge analysis.
For the typical XANES spectra of the reduced and
oxidized regions of the chlorite (see subsequent
explanations related to Figure 4 for the selection of
masks and the extraction of spectra from the
images), a pre-edge analysis (i.e., 1s–3d electronic
transitions; data reduction based on the method
proposed by Wilke et al. [2001]) was performed in
order to calibrate Figure 3c. The results provide
pre-edge centroid positions of 7112.16 eV and
7112.69 eV for the more reduced and oxidized
regions, respectively. According to Wilke et al.
[2001], such values correspond to a variation of
the Fe3+/

P
Fe ratio from 0.03 to 0.34 that can be

associated, in the present case, to variations of the
edge-position from 7121 to 7125 eV. In order to
validate the technique and to estimate the error on
pre-edge quantification related to the potential
problems mentioned above, we provide a modeled
image of iron oxidation state corresponding to the
same region of interest (see Figure 3g). This
image was obtained by coupling elemental maps

Figure 4. (a) Averaged and ‘‘single-pixel’’ XANES spectra based on the different masks of the maps. Blue,
chlorite-Fe(II); green, phengite; orange, quartz; and red, chlorite-Fe(III). (b) XANES spectra for chlorite-Fe(II) and
chlorite-Fe(III) with the arctangent fits (dashed lines) and a zoom on the pre-edges showing also their normalization
(dashed lines). XANES spectra of almandine and andradite are shown to illustrate of the K-edge shift of reference
compounds.
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collected on the electron microprobe and thermo-
dynamic calculations (see Vidal et al. [2006] for
details in a complementary study of the same
sample). The maps of Figures 3c and 3g, obtained
from fully independent methods, show an excellent
correlation (note that the dark blue region of
Figure 3g is reported as a transparent blue mask
in Figure 3c in order to highlight the chlorite
phase). Moreover, the Fe3+/

P
Fe ratio provided

by the theoretical approach ranges from 0 to 0.4
though it ranges from 0.03 and 0.34 for the present
study. The error related to the XANES technique
for the Fe3+/

P
Fe ratio is thus estimated to be less

than 0.1.

[17] A speciation map is finally presented in
Figure 3d. This map is based on the variation
of the absorbance at a given energy for the
normalized XANES spectra. The energy was
chosen to correspond to a characteristic feature
highlighting the different atomic environment of
iron; in the present case, 7137 eV (see feature C
in Figure 4b). Indeed, as shown subsequently,
this energy presents a maximum in the variation
of the absorbance depending on the iron specia-
tion. The map shows a distinct difference be-
tween quartz (i.e., red region) and the other
minerals whereas there is no clear distinction
between chlorite and phengite. Moreover, the
variations observed for the chlorite correlate with
the ones observed on the redox mapping (i.e.,
Figure 3c). Such information clearly suggests that
divalent iron and trivalent iron present different
XANES spectral signatures, and thus are located
in two different types of crystallographic environ-
ments [e.g., Wilke et al., 2001; Dyar et al.,
2002b]. However, some slight but significant
differences can be observed between these two
images, particularly in the region located down-
ward, in the right part: the blue field appears
slightly smaller in Figure 3d. This information
suggests that though the Fe2+ is essentially
located in a specific environment (different from
the one of Fe3+), part of the Fe2+ can reside in
the Fe3+ site in the structure. On the other hand,
trivalent iron seems to be quasi-exclusively
located in only one type of crystallographic
environment.

[18] A next step in the interpretation of results
consists of establishing different masks based on
the maps presented in Figure 3. It is then possible
to separate the regions corresponding to the differ-
ent minerals and/or the different oxidation states of

iron. The image inset in Figure 4a shows five
different masks defined from the mapping. The
green and orange masks have been determined on
the basis of the variations in iron content (Figure 3b),
and correspond to the regions of phengite and quartz,
respectively. The blue and red masks have been
determined on the basis of the variations of iron
redox (Figure 3c), and correspond to the location of
Fe2+ and Fe3+, respectively. The black mask
corresponds to the region presenting a mix
between Fe2+ and Fe3+, and is not used for
subsequent analysis. It is then possible to recon-
struct the XANES spectra corresponding to each
region by averaging the spectra included in each
pixel of the masks. This step of data analysis
allows reconstructing ‘‘end-members’’ XANES
spectra for the sample by increasing significantly
their signal-to-noise ratio compared to a ‘‘single-
pixel’’ XANES spectrum, which is required
for quantitative pre-edge analyses. Thus four
XANES spectra associated to the different masks
(except the black one) are presented in Figure 4a:
from the bottom to the top, ‘‘Fe3+-chlorite,’’
quartz, phengite and ‘‘Fe2+-chlorite.’’ Note that
for Fe3+-, and Fe2+-chlorite, single-pixel spectra
are shown in dashed lines. The comparison with
the averaged spectra shows a very good correla-
tion although there is a slight decrease in the
spectral resolution due to the slight redox/speciation
heterogeneities within the red and blue masks. The
spectra for Fe3+-chlorite, quartz, phengite are similar
in terms of position of the absorption edge and
spectral signature above the edge; the spectrum
related to quartz however, is noisy because of the
particularly low iron content. The two different types
of spectra for chlorite reveal somemajor differences.
The XANES spectra as well as their respective
arctangent fits are shown in Figure 4b. The arctan-
gent fits highlight the energy shift between the
absorption edges, also illustrated byXANES spectra
of almandine (ferrous iron standard) and andradite
(ferric iron standard). The signal-to-noise ratio
allows the analysis of the Fe-K pre-edge of the
spectra (feature A; zoom inset in Figure 4b) so that,
as previously detailed, the iron redox map could be
quantified according to standard compounds. Also,
the integrated intensity of the pre-edge revealed that
both Fe2+ and Fe3+ are located in octahedral environ-
ments (see normalized pre-edges; respectively,
feature A0 and A00 in dashed lines in Figure 4b).

[19] From a crystallographic point of view, the
qualitative analysis of the edge (feature B) and
the XANES part of the spectra (mostly features
C and D) qualitatively informs about the atomic
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environment of iron. Notably, the spectrum
corresponding to the Fe2+ presents some clear
characteristics of an octahedral environment with
significant Fe–Fe second-neighbor multiple-
scattering contributions (see Farges et al. [2001]
for similarities with nickel). On the other hand, the
spectrum corresponding to the Fe3+ appears much
‘‘smoother,’’ suggesting less multiple-scattering
interactions between the photoelectron and the
structure, and possibly a lower atomic density in
the second and third atomic shell around the
trivalent iron. Though more specific ab initio
XANES calculations would be required for a more
robust site assignment of iron in chlorite, this
interpretation suggests that trivalent iron would
be preferentially located in the octahedral interfo-
liar layer of the chlorite, which is in good agree-
ment with a thermodynamic approach of the
crystallography of chlorites [Vidal et al., 2005].

6. Summary

[20] This work presents a new and original method
to characterize in 2-D the redox and the speciation
of iron by performing a ‘‘full information’’
XANES mapping. This type of analysis became
possible thanks to third generation synchrotron
X-ray beamlines, such as the dispersive-EXAFS
beamline ID24 at the ESRF, able to provide a high
photon flux within a microfocused spot and allow-
ing extremely fast XANES acquisition, both in the
transmission and in the fluorescence modes. First,
the XANES mapping provides both, iron redox and
speciation maps. A second step of analysis allows
discriminating the different regions of interest of
the sample, and averaging the XANES spectra
corresponding to these regions. Thus the improve-
ment of the signal-to-noise ratio makes possible a
quantitative study useful for calibrating the differ-
ent types of reconstructed images.

[21] The potential of this new tool is illustrated by
studying a complex geological material (metapel-
lite rock including quartz, phengite and chlorite) in
which the distribution of iron is highly heteroge-
neous. The results show a high contrast in the
oxidation state of iron, particularly within the
chlorite mineral. Moreover, the analysis of the iron
speciation in the chlorite reveals that divalent iron
and trivalent iron are most likely located in two
different crystallographic environments in the
structure.

[22] Such an analytical tool can potentially find
wide application in Earth Sciences, but also in

Physics, Chemistry or Biology; the present results
being here essential for modeling the thermody-
namics ‘‘out of equilibrium’’ of metamorphic rocks
[Vidal et al., 2006]. A further step in the develop-
ment of the dispersive X-ray absorption spectros-
copy micromapping technique will consist of
collecting data up to the EXAFS region in order
to provide some quantitative speciation maps (i.e.,
interatomic distances, coordination numbers,
Debye-Waller factors, etc.). These developments
will beget the adaptation of automatic procedures
for EXAFS data reduction; including standard
normalization and background subtraction, as well
as analyses based on the Continuous Cauchy
Wavelet Transform (CCWT) [see Muñoz et al.,
2003].
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